The functional response of a consumer to a gradient of resource density is a widespread and consistent framework used to quantify the importance of consumption to population dynamics and stability. Within benthic marine ecosystems, both crustaceans and fishes can provide strong top-down pressure on prey populations. Taxon-specific differences in biomechanics or habitat use, among other factors, may lead to variable functional response forms or parameter values (attack rate, handling time). Based on a review of 189 individual functional response fits, we find that these predator guilds differ in their frequency distribution of functional response types, with crustaceans exhibiting nearly double the proportion of sigmoidal, densitydependent functional responses (Holling type III) as predatory fishes. The implications of this finding for prey population stability are significant because type III responses allow prey persistence while type II responses are de-stabilizing and can lead to extinction. Comparing per capita predation rates across diverse taxa can provide integrative insights into predatory effects and the ability of predation to drive community structure.
Introduction
Interactions between consumers and resources are ubiquitous in nature, and mechanistic insights about these relationships, between both individual and groups of predators and their prey, are required to understand the processes structuring ecological communities [1] [2] [3] [4] [5] . Generally, predators can regulate populations of their prey if they cause density-dependent mortality, whereby prey density and per capita mortality are positively related over at least some range of prey densities [6] . This mortality pattern can occur at the individual level via the predator's functional response [7, 8] or at the population level through predator aggregation or reproduction (the numerical response [9] ). The functional response describes how the consumption rate of an individual consumer varies across a gradient of prey density. For a given predator-prey interaction, this relationship is classically characterized as one of three forms, originally derived by Holling [7, 8] (figure 1). A type I response describes a linear increase in consumption (N e ) as prey density (N 0 ) increases, determined by the capture/attack rate of the predator (a), followed by constant consumption above some threshold density as a result of predator satiation (equation (1.1), below; figure 1a ). Type I responses cause density-independent per capita mortality for prey (figure 1b) and are considered rare other than for passive feeders such as web-building spiders and filter feeding organisms [10] . In a type II functional response, prey consumed saturates, and prey suffer high per capita mortality at low densities and declining mortality as their density increases (equation (1.2), see below; figure 1). In addition to a search/attack rate (a) parameter, the type II function also accounts for handling and ingesting time (h) and is considered the most common form [10, 11] . Type III responses are sigmoidal and characterized by a low-density refuge from predation, mid-density peak in per capita mortality, and then declining mortality owing to predator satiation (equation (1.3), below; figure 1 ). This pattern occurs when a predator's ability to locate or consume prey is not constant across prey density and is described mathematically by the parameters b and c, which are specific to the type III response (type II and III responses can also be described using the generalized form of Real [12] , where the value of the scaling exponent q determines the degree to which the curve shifts from decelerating hyperbolic to sigmoidal). Holling's functional responses take the forms:
and type III:
Type II responses are de-stabilizing for predator-prey interactions because a specialist predator can drive a prey population to extinction when prey fall below a low-density threshold [13] . Conversely, predator-prey interactions can be stabilized by type III responses due to consumers that increase their foraging efficiency through the creation of a search image, or by generalist predators that switch to alternative prey at low prey densities [14] [15] [16] , among other mechanisms [17] [18] [19] . Thus, the population-level consequences of observing a type II versus type III functional response can be substantial.
In addition to Holling's classic models, researchers have derived numerous other potential relationships of both individual and groups of predators to gradients of prey density (reviewed by Jeschke and colleagues [11] ). For example, predator-dependent functional response models account for interactions among competing predators [20, 21] and can provide a good fit to data when predator abundance alters predator feeding rate [22, 23] . Ratio-dependent models are a special case of predator dependence in which per capita consumption depends on the ratio of prey to predator abundances rather than the absolute number of either [24] . However, vigorous debate about the value of ratio dependence continues [25, 26] . Additional food web components (e.g. alternative prey, apex predators, competitors) can also alter the functional response of an individual predator to a single prey type, and models have been derived to address these special cases [27] [28] [29] . Nevertheless, we focus here on the Holling functional response forms (type I: linear, type II: saturating, type III: sigmoidal; and including the related, generalized form of Real [12] ) owing to their utility as the building blocks of many community dynamics models, and their continued use by empiricists, theoreticians and applied ecologists.
Marine communities regularly contain multiple predators from diverse taxonomic guilds, including mammals, birds, fishes, crustaceans, molluscs and echinoderms. For example, on temperate rocky reefs, sea otters, demersal fish, sea stars, crabs and lobsters are all important predators of herbivorous sea urchins [30] [31] [32] . Similar levels of predator diversity are observed on bivalve reefs and coral reefs [33] [34] [35] [36] . This diversity could have important implications for marine communities, including the ability to provide top-down predatory control. For example, on rocky reefs in the North Pacific, apex and mesopredators target different sizes of prey, strengthening the trophic cascade that enables kelp forest persistence [32] . In particular, fishes and crustaceans are ubiquitous and abundant, and serve as important predators within coastal food webs [5, [37] [38] [39] , in many cases owing to the prior extirpation of large-bodied apex predators [40] [41] [42] . There is substantial evidence that both fishes and crustaceans can exert strong topdown trophic control within a diverse set of nearshore ecosystems, including kelp forests [43] [44] [45] , coral reefs [34, 46, 47] , oyster reefs [48] [49] [50] and soft-bottom habitats [51] [52] [53] .
Here, we provide the first comprehensive review of the generality and importance of Holling's [7, 8] functional response types for predators found in nearshore marine ecosystems, drawing specific comparisons between predatory fishes and crustaceans. In doing so, we address the following questions: (i) what functional response types are most common? (ii) do specific predator taxa more frequently exhibit type III responses, making them more likely to cause densitydependent mortality via their functional response? and (iii) what are the mechanisms and implications of the relationship between predator taxa and the functional response?
Material and methods
To determine the relative frequency of different types of functional responses for crustacean and finfish predators in coastal ecosystems, we conducted a systematic search of the peerreviewed literature that has cited the original papers of Holling [7, 8] . Within these papers (3759 and 2905 for [7] and [8] , respectively, as of March 2019), we searched for 'fish', 'crustacean', 'crab', 'shrimp' and 'lobster' to locate studies in which specific functional response types were empirically characterized for marine or estuarine predators of each type. We excluded papers focusing on larval predator dynamics as well as those from freshwater ecosystems. Additionally, we included relevant papers from the FoRAGE database [54] , papers with which we were familiar but that did not appear using the above search criteria, as well as papers cited within other predator-prey literature (e.g. Table 1 of [53] ). For studies that characterized functional responses under varying conditions, such as different sized predators or prey, various temperatures, or substrate types, each individually fitted functional response curve was counted as an entry in the database analysed here. We identified 189 sets of experiments or observations from 68 published papers (electronic supplementary material, table S1) to evaluate the functional response frequencies of predatory crustaceans (n = 106) and fishes (n = 83).
Results
Crustacean predators used in functional response experiments were mostly crabs, though both clawed and spiny lobsters, as well as shrimp, amphipods and isopods were also tested. Bivalves were by far the most common prey offered (electronic supplementary material, table S1), and only three out of 106 functional responses for crustaceans involved feeding on a vertebrate prey item ( juvenile flatfishes in each case). No clear patterns emerged within the crustacean predator guild regarding frequency of functional response type, with type II and III curves distributed approximately evenly across species guilds (electronic supplementary material, table S1). Interestingly, 40% of the type I responses observed for crustacean predators involved cannibalism, with juvenile crabs consuming younger conspecifics [55] [56] [57] . Additionally, the experimental setting may be important as type II responses were rarely observed in field-based studies (one of nine field-based studies), while type III responses were commonly observed in field experiments (seven of nine). Though the number of field studies is somewhat limited, the high proportion of type III responses is in line with expectations for field experiments where alternative prey items or refuge habitats are often available. Experiments testing functional response types for fishes used a wide variety of predators from a diverse group of habitats, ranging from demersal sharks and cod from temperate and high-latitude seas to grouper and damselfish on tropical coral reefs (electronic supplementary material, table S1). Consumption of invertebrates was more commonly explored than piscivory (electronic supplementary material, table S1). However, prey type may play an important role in the functional response. For instance, only 30% of type II responses were piscivorous interactions, but piscivory was responsible for a much higher proportion (59%) of type III responses. As with crustaceans, the experimental setting appears to play a key role in the functional response type observed, as most type II responses for predatory fish were recorded in laboratory experiments (82%) while type III responses were more commonly demonstrated in field-based studies (65%).
For both predatory fishes and crustaceans, type I responses were rare, making up less than 10% of observations (figure 2). The proportion of studies observing each of the three different functional response types differed between crustacean and finfish predators (χ 2 = 8.75, d.f. = 2, p = 0.012), which was driven by the difference in the proportions of type II and III responses. Fishes mostly exhibited type II responses (75%). For crustaceans, type II responses were also the most common (54%), but the proportion of type III responses (37%) was nearly double that of fishes (20%; figure 2 ).
Discussion
Comparing the impacts of taxonomically diverse predators can provide a more complete understanding of how trophic interactions structure ecological communities [58] . We document differing frequencies in functional response types by vertebrate fish and invertebrate crustacean predators in marine ecosystems, which could be driven by multiple potential mechanisms. First, differences in physiology or biomechanics between fishes and crustaceans could directly affect their functional responses. Second, allometric relationships between predator and prey may affect the functional response in dissimilar ways for these two predator guilds. Finally, habitat complexity may affect these two predator types in different ways but lead to similar potential outcomes regarding the functional response each exhibits. Below, we discuss each of these mechanisms and provide a general discussion of predation beyond the functional response, including aggregative behaviour and multiple predator effects.
(a) Physiology and biomechanics
Per capita predation by finfish and crustaceans may be affected by distinct physiological mechanisms. The upper maximum of the prey size distribution for fish predators is often determined by gape-size limitation [59] (but see [60] ), while crustaceans are typically limited by the crushing ability of their chelae [61] [62] [63] . Although both are physiological constraints on the size of consumable prey, the consequences of attempting to consume a prey item that is too large for a given predator's body size are different. For fishes, gape limitation will typically prevent an oversized prey item from entering the mouth. They would then be forced to break the prey into smaller pieces or discard it. Similarly, for crustaceans, prey items that are too large may be discarded if unsuccessful attempts are made to consume them. However, an alternative outcome for some crustaceans is breakage of their crusher claw if too large an item is attempted [61] . This outcome could decrease fitness via reduced future foraging ability and reproduction [61, 63, 64] . Finfish, on the other hand, may immediately recognize that a prey item is inappropriate based on its size and discard it, royalsocietypublishing.org/journal/rsbl Biol. Lett. 16: 20190758 rather than making multiple attempts to consume it. However, recent evidence suggests that the significance of gape-size limitation in determining prey size-selection for predatory fish may be less important than this paradigm would suggest. Some fish species have demonstrated the ability to use simple tools [65] , including to obtain prey that otherwise would be too large to handle [66] . While this behaviour could increase the size range of available prey, it would also increase the handling time for some prey types. This increased handling time would not shift the functional response type but would reduce the asymptotic number of prey consumed for predators exhibiting type II or III responses.
Although the proportion of studies in which finfish predator responses were characterized as type I was similar to that of crustacean predators (figure 2), fishes should, in theory, be more likely to demonstrate a linear feeding response [67] . This is because while crustaceans are typically limited by prey handling time, finfish have no such restraint. For many fish, most prey encountered that are of an appropriate size are typically swallowed whole or rapidly crushed and consumed, so once prey is encountered, the rate limiting step for predation is digestion time, during which prey searching can continue [67] . Since handling time is often minimal for piscivores, and attack rate is a function of encounter rate, a linear response to prey density could be possible under certain environmental conditions advantageous to predators (i.e. clear, calm water, little habitat structure). Given this difference in the potential to exhibit a type I response, it is unclear why fish and crustaceans exhibited linear responses at similar proportions (figure 2). Interestingly, our database suggests that one potential explanation is cannibalism. Nearly half of the type I responses observed for crustaceans involved cases of larger individuals preying on smaller conspecifics, while none of the studies using predatory fish offered conspecifics as prey. Many crustaceans are known to be cannibalistic, and there is growing evidence that finfish also engage in this feeding strategy [68] . It is unclear why cannibalistic feeding would lend itself to a linear functional response for either predator type, but given the potential importance of cannibalism to population dynamics [69, 70] , we suggest future studies explore the functional responses of predators engaging in cannibalistic behaviour.
(b) Allometry
Body sizes of both predator and prey can also have a strong effect on the outcomes and emergent effects of trophic interactions [71, 72] , including functional response parameters [17] . Larger crustacean predators can manipulate and consume larger prey items [73] , but also have reduced ability to consume smaller prey because of a lack of dexterity [74] . Larger sessile invertebrate prey typically have lower predation mortality rates than smaller sessile prey, despite the fact that larger prey offer more benefit to predators per time spent foraging [61, 63] suggesting that larger items should be preferred. However, the potential cost associated with predation on large prey items (with their associated thick shells) has apparently driven the general preference for smaller prey among decapod crustaceans [63] . This feeding strategy is one potential cause of the pattern documented here, whereby crustaceans, many of which are durophagous generalist consumers [75] , exhibit a higher proportion of type III responses than fishes. For example, a crustacean would preferentially consume smaller prey, eventually leaving only large prey individuals available. When smaller prey of a given type are depleted, a generalist predator could switch to an alternative prey item rather than attacking larger prey individuals, leading to a type III functional response as a result of prey switching (though in some cases strong prey preference will lead to the retention of a type II response [76] ). To date, this conceptual model integrating size-structure and multiple prey types has not been tested in the context of predatory functional responses.
Larger fish predators are typically more effective foragers than smaller conspecifics owing to faster swimming speeds and better vision [77, 78] . Finfish prey mortality is also highly size-dependent, as larger prey fish typically gain similar physiological benefits to larger predatory fish (i.e. faster swimming speed, enhanced vision) compared with their smaller conspecifics. The effect of prey size also depends on whether a prey fish is a schooling species or benthic and solitary. For example, in benthic fish which are highly dependent on refuge habitat (e.g. blenny, goby), dominant (typically larger) individuals are able to evict smaller animals from the best shelters through aggressive behaviours [79] , leading to reduced predation mortality [80] . Conversely, size-dependent mortality of schooling fish is related to length homogeneity, with both larger and smaller individuals more likely to be eaten [81] . Generally, the body size of predatory fishes and crustaceans, as well as the size of their prey, can affect both attack rate and handling time [82, 83] , as well as potentially change the shape of the response for generalist predators engaging in size-dependent prey switching.
(c) Habitat structural complexity
The structural complexity of a habitat can have a major impact on the type of functional response exhibited by a predator. Many of the studies reviewed here included multiple habitat treatments across a gradient of structural complexities, which often led to a shift in the form of the predator's functional response [56, 62, [83] [84] [85] [86] . For instance, Lipcius & Hines [84] demonstrated an approximately double mortality rate for low-density clams in mud habitats versus sand habitats owing to predation by blue crabs. The smaller grain size and softer composition of mud allowed an increased encounter rate compared with a sandy habitat, leading to a shift in the functional response from type II in mud to type III in sand. Similarly, in highly complex oyster reef habitat, mud crabs exhibited a type III response to mussel prey [83] , while in arenas without a complex shell bottom, the same crab species exhibited saturating type II responses [86] . Similar effects of habitat have been demonstrated for finfish, including sedentary coral reef fish [87] and more mobile temperate reef fish [85] . In all cases, predation rate depended strongly on the amount of habitat available as refuge for prey. When little refuge habitat was available, predators typically exhibited de-stabilizing type II functional responses. Refuge-rich habitats shifted these interactions to stabilizing, type III responses as predators were unable to consume low-density prey that found protection in habitat refugia.
The specific type of structure, in addition to the amount, can also impact predator foraging and prey mortality rates. For example, rigid habitats (e.g. corals or rocks) can differentially impact biotic processes compared with flexible royalsocietypublishing.org/journal/rsbl Biol. Lett. 16: 20190758 structures such as submerged aquatic vegetation [88] , and the morphology of foundation species can impact predator foraging by altering the likelihood of recognizing prey within otherwise similar habitats [89] . Bartholomew and colleagues [90] proposed a set of dimensionless indices to describe habitat structure in the context of predator-prey interactions, and researchers would do well to incorporate these (or other) complexity indices more widely into functional response experiments ( [91] provides one such example).
The ability of a predator to navigate within habitats of different structural complexities also affects their foraging success [90] . This could alter their attack rates but not fundamentally shift their functional response unless the attack rate varied across a gradient of prey density. We expect that both types of predators will be approximately equally affected by habitat complexity, although for different reasons. Structural complexity will reduce consumption of prey by fishes by providing more crevice refuge habitat to prey (as described above), while crustaceans, which are generally less mobile, will be directly affected via reduced foraging efficiency due to physically constrained movement. For instance, Forrester & Steele [87] explicitly manipulated the number of crevices available for gobies (Coryphopterus glaucofraenum) and demonstrated a pattern of strong density-dependent predation mortality when refuge habitat was scarce. These crevices had no impact on finfish predator movement; rather they simply provided shelter for prey. Alternatively, using king crabs (Paralithodes camtschaticus) of different ages as predators and prey, Long & Whitefleet-Smith [56] showed that the presence of macroalgae shifts the functional response of year-2 crabs from type I in sand to type III with macroalgae available. Smaller, year-1 crab predators were also tested, and the reduction in predation between sand and macroalgal mimic habitats was significantly less than for larger year-2 crabs [56] . Thus, while prey-use of structured habitat was similar across predator types, it was the predators that were directly affected by the habitat complexity (via reduced mobility or foraging efficacy) as opposed to any effect on prey. Generally, the spatial dimensionality (two versus three dimensions) of predator-prey interactions can affect population dynamics and stability, with 3D environments (more often experienced by fishes) being more likely to experience unstable dynamics than 2D environments (such as the benthos, a crustacean's typical foraging arena) [92] . Thus, our finding that crustaceans demonstrate a higher proportion of density-dependent, stabilizing type III responses aligns with this larger body of evidence from multiple ecosystems [92] .
(d) Multiple predator and multi-species effects
An understanding of individual predator functional responses fails to account for potential synergistic or antagonistic effects of multiple predators of the same or different species consuming a shared prey resource. These multiple predator or intra-guild interactions can result in emergent impacts on prey [31, 93, 94] , suggesting that it is not sufficient to understand only the interactions of individual predator and prey combinations if the goal is to determine the strength of population regulation. Instead, the interaction strengths among multiple community members should be accounted for. While this is a difficult experimental proposition, there are several laboratory and field studies in which species assemblages were tested rather than only a single predator and prey [35, [95] [96] [97] . These studies demonstrate that multiple predators can induce trait-and density-mediated indirect interactions between predators and basal resources, although the specific impacts are dependent on the habitat type [93] and identity of the predator [35] . Conducting field experiments to characterize the aggregative and numerical responses of a single predator species to their prey is a challenge given the difficulty of detecting mobile predators in the ocean, particularly at night or in low-visibility conditions. However, understanding both the functional and numerical responses of a predator is required if we hope to predict the strength of top-down regulation on prey, as densitydependent mortality for prey can arise from either process. A group of conspecific predators, each with its own saturating, de-stabilizing functional response (type II), can still regulate prey through density-dependent predation if their numerical, aggregative response is sufficient [8] .
While we have focused on the functional responses of individual predators (i.e. the prey-dependent models of Holling), models that account for multiple predator effects are increasingly used to describe trophic dynamics in marine ecosystems. For example, Stier & White [98] demonstrated that predator-dependent functional response models more parsimoniously capture the dynamics between recent recruits and predatory reef fish when predator densities vary among sites. In our database, relatively few laboratory feeding assays for fish predators demonstrated a sigmoidal, type III functional response, although most laboratorybased experiments are conducted with only a single prey species. This prevents prey switching, one of the common mechanisms by which a sigmoidal response can arise. Under natural conditions, generalist predators can move among habitats (which may support different prey types), thereby providing an opportunity to generate a stabilizing, type III response via switching at low prey densities [99] ; the high proportion of type II responses we observed for both predator types could thus be an artefact of experiments being conducted under these laboratory conditions. It is also possible that type III responses are actually more common than are documented here owing to insufficient prey offered in the low-density range within experiments, which would limit the power to observe a type III response [100] . It is vital that future researchers provide sufficient resolution at low prey densities in order to distinguish between type II and III functional responses, particularly when multiple predators or prey types are included within experiments.
Conclusion
Species interactions are the building blocks of community dynamics, and predation can be a particularly important structuring process. Beyond the factors discussed above, there are numerous other potential drivers of functional response types, including predator learning, predator novelty or prey naivete during an invasion, a predator's own risk of predation, and environmental factors such as turbidity, temperature and turbulence. Increases in temperature can shift functional responses from stabilizing, type III to de-stabilizing, type II for crustacean predators [101] , or vice versa for predatory fishes [102] , so the impact of warming oceans on predatory functional responses remains in need of investigation. In addition to these environmental factors, artefacts royalsocietypublishing.org/journal/rsbl Biol. Lett. 16: 20190758 of laboratory-based feeding assays, including arena size, experimental duration and predator satiation can each alter functional response parameters or shapes [103, 104] . As a result, experimenters should consider scale and setting carefully, and more importantly, determine how laboratory results translate to natural conditions in the field, when possible. In addition to the recommendations for future work on the effects of physiology, allometry and habitat structure on predatory functional responses provided above, other important avenues for research include exploring the impacts of predator and prey behavioural plasticity (individual as well as reciprocal plasticity [105] ) on functional response shapes, accounting for stochasticity in interactions among individuals within the functional response framework [106, 107] , quantifying the consequences of induced prey defences [108] , and determining the effects of prey condition on predator foraging and prey avoidance behaviour.
A mechanistic understanding of functional responses of both finfish and crustaceans provides insight on the ability of predators to induce top-down control within marine ecosystems. Based on our findings, crustaceans appear to more commonly cause positively density-dependent mortality for their prey, thereby stabilizing community dynamics. Assessing predation in this mechanistic framework is in line with the growing body of research applying functional responses to predict ecological outcomes in the context of management, including invasive species effects [109] , fisheries [110] and marine reserve efficacy [111] . Recognition of the general functional response forms exhibited by diverse predators is required to build the tactical, predictive community dynamics models needed to implement ecosystem-based management.
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